INTRODUCTION
In order to solve the energy and environmental problems simultaneously, electric vehicles (EVs), hybrid electric vehicles (HEVs) and large-scale energy storage devices have attracted incredible interests all over the world. These also put forward high requirements on capacity, cycle life and safety for lithium ion batteries (LIB) [1, 2] . Cathode materials are still the key issues not only to improve electrochemical properties but also to reduce total cost of LIB. Among all potential cathode materials, polyanion phosphate material LiFePO 4 (LFP) has been commercialized and applied successfully in small power tools. However, it cannot meet the demands raised by EVs and HEVs because of poor intrinsic electronic and ionic conductivities [3, 4] . Several methods have been widely used to eliminate these obstacles, such as conductive layer coating (usually carbon) [5] [6] [7] , nanoparticles controlling [8] [9] [10] and metal cations doping [11] [12] [13] . In fact, these modification methods are often combined to achieve perfect energy and power densities. However, LFP is still not so satisfactory and hence more effective modifications are needed to be sought.
Recently, LFP and Li 3 V 2 (PO 4 ) 3 (LVP) composite (xLiFePO 4 ·yLi 3 V 2 (PO 4 ) 3 /C, abbreviated as xLFP·yLVP/C) has drawn more attention. LVP is a relatively fast ionic conductor with high potential platform and thermal stability [14] [15] [16] , which is expected to improve electrochemical performances of LFP. Previous studies [17] [18] [19] [20] have shown that xLFP·yLVP/C has better specific capacity, cyclic stability and rate capability than pristine LiFePO 4 /C (LFP/C). It is generally attributed to the mutual doping of V and Fe as well as synergistical effect of LFP and LVP phases, so as to improve the electric conductivity and Li + diffusion of xLFP·yLVP/C. Although several authors [21] [22] [23] [24] have researched LiFePO 4 ·Li 3 V 2 -(PO 4 ) 3 /C (LFP·LVP/C), the investigations are mainly focused on its electrochemical properties until now. To the best of our knowledge, few papers have discussed the magnetic performances of LFP·LVP/C. Nevertheless, magnetic properties are extremely sensitive to crystal imperfections and impurities which may indirectly affect electrochemical performances. Therefore, magnetic properties of LFP·LVP/C deserve to be highlighted further. Moreover, the complex crystal structure of LFP·LVP/C has posed a characterization challenge not solved by any single technique, requiring the combination of several characterization techniques.
In order to inhibit agglomeration of nanoparticles during heat drying, a sol-gel method combining with freeze-drying was introduced to synthesize LFP/C and LFP·LVP/C in this research. Our focus is on the details of their magnetic and electrochemical properties and then the comprehensive reasons for enhanced electrochemical properties of LFP·LVP/C composite. The results in this paper are believed to arouse wide interests in further research on the relationships between magnetism and electrochemistry of cathode materials. 4 and LiOH·H 2 O were added to the above solution in turn with magnetic stirring at 80°C until a black wet gel was formed. The wet gel was frozen in liquid nitrogen and freeze-dried more than 7 d, then ball milled and calcined at 350°C for 5 h in flowing argon. Cooled down to room temperature slowly, the precursor was ball milled and sintered again at 750°C for 10 h in argon atmosphere to yield black LFP·LVP/C composite. For comparison, a LFP/C sample was prepared via the same procedure but without NH 4 VO 3 .
EXPERIMENTAL SECTION

Material synthesis
Material characterizations
The crystallinity and structure were characterized by Xray diffraction (XRD, Rigaku D/max-RB, Japan) with Co Kα radiation. A CS-8810C high-frequency infrared Carbon and sulfur analyzer (Wuxi, China) was used to confirm the carbon content. Raman spectra were obtained by a VG ESCALab250 spectrometer with monochromatic Al Kα radiation and a HORIBA LabRAM HR with 633 nm He-Ne laser excitation. The surface morphology was observed using scanning electron microscopy (SEM, Hitachi, S-4800, Japan) and high-resolution scanning transmission electron microscopy (HRTEM, JEM-2010(HR), Japan). Magnetic tests (magnetization and susceptibility) were carried out with an automated magnetometer (MPMS-5S from Quantum Design) equipped with an ultra-sensitive SQUID within 4-300 K.
Electrochemical measurements
Electrochemical characteristics were investigated using CR2032 coin cells assembled in an argon-filled glove box. The cathode consisted of the as-synthesized powder, acetylene black and polyvinylidene fluoride binder in a weight ratio of 85:10:5. And the electrode loadings were in the range of 1.5-1.7 mg cm −2 on aluminum foil disks of 14 mm in diameter. A metallic lithium foil was used as the counter and reference electrode. The electrolyte was 1 mol L −1 LiPF 6 dissolved in ethylene carbonate (EC)-diethyl carbonate (DEC)-dimethyl carbonate (DMC) (1:1:1 in volume). Galvanostatic charge-discharge tests were performed on a CT2001A battery testing system (Shenzhen, NEWARE, China) between 2.5-4.2 V (vs. Li + / Li). The measurements of cyclic voltammograms (CV) and electrochemical impedance spectroscopy (EIS) were conducted on a CHI660E electrochemical workstation (CHENHUA, China). CV curves were recorded in a potential window of 2.5-4.3 V (vs. Li + /Li) at scan rates of 0.2 to 0.5 mV s −1
. EIS experiments were performed within the frequency range of 1-10 5 Hz.
RESULTS AND DISCUSSION
The XRD and Rietveld refinement results of LFP/C and LFP·LVP/C are illustrated in Fig diffraction peaks have been detected through XRD tests. However, the contents of residual carbon in LFP/C and LFP·LVP/C are about 4.68 wt.%, and 4.54 wt.%, respectively. The residual carbon can also be identified by Raman spectra in Fig. 2 . From Fig. 2a, b , the obvious Dband (disorder band) and G-band (graphite band) can be observed for both LFP/C and LFP·LVP/C [25, 26] and the corresponding peak intensity ratios (I G /I D ) are 1.15 and 1.27, respectively. Only some weak peaks of PO 4 3− can be found in two Raman spectra. These indicate that both samples were coated with uniform high-ordering carbon on the surfaces, inhibiting grain growth and forming excellent conductive network among the particles.
SEM images of LFP/C and LFP·LVP/C are compared in Fig. 3 . It is obvious that both samples have homogenous particle size distribution, as shown in Fig. 3a, c. From Fig.  3b , we can see that LFP/C displays more or less rod shapes with about 200 nm in length and 150 nm in width and includes some large particles. However, the main particle shapes of LFP·LVP/C in Fig. 3d are quasi-spherical. The diameters range from about 50 to 120 nm with only a few large ones. Such particle size distribution is good for contact among particles and tap density of LFP·LVP/C. TEM image (Fig. 3e) illustrates that this composite is mainly composed of nanoparticles with different diameters consistent with Fig. 3d. In Fig. 3f , a uniform amorphous carbon layer with 2 nm in thickness is coated on the surface, in good agreement with Raman results. Fig. 4 displays the isothermal plots of magnetic moments versus applied magnetic fields and the temperature dependences of reverse magnetic susceptibilities (χ −1 = H/ M) for LFP/C and LFP·LVP/C, respectively. In Fig. 4a , non-linear behaviors at low-magnetic fields and linear (T) plot, which refers to the transition temperature from antiferromagnetic ordering to paramagnetic range for LFP/C [27, 28] . A typical Curie-Weiss law behavior is then followed above T N . Therefore, the impurities included in LFP/C should be ferromagnetic and their magnetic ordering temperatures are much higher than room temperature, such as γ-Fe 2 O 3 [29] [30] [31] . Supposing all impurities are γ-Fe 2 O 3 phase in the form of small clusters dispersed in LFP/C, the total percent can be determined by formula M 0 =Nnμ(H, T) [29] . So the calculated fraction of impurities in LFP/C is x=0.24 wt.%.
For LFP·LVP/C, the magnetic properties are obviously different with those of LFP/C (Fig. 4b) 
. Firstly, M(H, T)
curves present non-linear behaviors at low-magnetic fields but with different curvatures. Secondly, the antiferromagnetism of LFP/C at low-magnetic fields in χ −1 (T) curve vanishes. Thirdly, the χ −1 (T) curve is divided into three parts with changed slopes by two transition temperatures located around 50 and 240 K, respectively. Only above 240 K, the χ −1 (T) curve of LFP·LVP/C obeys the Curie-Weiss law. The above differences are probably caused by following reasons. The first of all is the influ- ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   42 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ence of LVP second phase existing in LFP·LVP/C, which has been reported with paramagnetism [32] [33] [34] . Then the impurity included in LFP·LVP/C also plays a vital role. The main impurity comprised in LFP·LVP/C is most likely Fe 2 P, because it is a ferromagnet with Curie temperature of 220-265 K reported in previous studies [28, 35] . The deduced percent of Fe 2 P through M 0 =Nnμ (H, T) is 0.44 wt.%. Fe 2 P nanoparticles stuck on particles of LFP·LVP/C have been proved to be very conducive to electric conductivity [29, 36] . Finally, the changed microstructure of LFP·LVP/C caused by mutual doping of iron and vanadium ions is another reason for different magnetic properties between LFP/C and LFP·LVP/C. Therefore, the significantly changed magnetic characteristics of LFP·LVP/C may indirectly affect the electrochemical performances of LFP·LVP/C applied as a cathode material for LIB. Magnetic results are inconsistent with former XRD results probably because the contents of impurities are below the threshold of XRD. Fig. 5 shows the first and 100 th charge-discharge curves and cycling performances of LFP/C and LFP·LVP/C. LFP·LVP/C contains four potential plateaus corresponding to LFP and LVP respectively and possesses higher discharge midpoint voltages compared with LFP/C (Fig.  5a-d) . Fig. 5e , f demonstrate that LFP/C exhibits a higher initial discharge capacity of 149.3 mA h g −1 than LFP· LVP/C (143.8 mA h g −1 ) at 0.2 C. However, LFP·LVP/C displays excellent rate capabilities with increased current density. At 1, 2 and 5 C, LFP·LVP/C provides the first specific capacities of 142.0, 136.4 and 130.0 mA h g −1 , whereas LFP/C only shows 139.2, 131.8 and 123.3 mA h g −1 respectively. And the discharge capacities of LFP·LVP/C have peaks at around the 10 th cycles due to activation process. LFP·LVP/C possesses capacity retentions of 99.2%, 99.0%, 98.4% and 98.3% (compared with the highest capacities not the first capacities) after 100 cycles at 0.2-5 C rates respectively, remarkably higher than LFP/C (98.4%, 95.3%, 92.9% and 89.6%). The electrochemical properties of LFP·LVP/C are also better than those in previous publications [21] [22] [23] .
The EIS diagrams of LFP/C and LFP·LVP/C are given in Fig. 6 . Fig. 6a shows that both diagrams consist of depressed semicircles and sloping lines before cycling. The depressed semicircles at high-middle frequencies represent the charge-transfer impedances of electrochemical reaction in the double-layer of electrode surface, and the slope lines at low frequencies are related to the diffusion-controlled Warburg impedances. Intersections of Nyquist plots with Zʹ real axis refer to the Ohmic resistance. While two depressed semicircles are observed at high-middle frequencies after 100 cycles in Fig. 6b , which correspond to the impedances of solid electrolyte interface (SEI) film and charge transfer, respectively [37] . Positive effect of SEI film on cyclic ability has been reported [38, 39] . As can be seen, whether before or after charge/discharge, LFP·LVP/C presents smaller chargetransfer impedances than LFP/C, which benefits the improvement of electrochemical property for LFP·LVP/C.
The CV curves of LFP/C and LFP·LVP/C are provided in Fig. 7a 
